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ABSTRACT
The outflowing magnetized wind from a host star shapes planetary and exoplanetary magnetospheres
dictating the extent of its impact. We carry out three-dimensional (3D) compressible magnetohydro-
dynamic (MHD) simulations of the interactions between magnetized stellar winds and planetary mag-
netospheres corresponding to a far-out star-planet system, with and without planetary dipole obliquity.
We identify the pathways that lead to the formation of a dynamical steady-state magnetosphere and
find that magnetic reconnection plays a fundamental role in the process. The magnetic energy density
is found to be greater on the night-side than that on the day-side and the magnetotail is comparatively
more dynamic. Magnetotail reconnection events are seen to associated with stellar wind plasma injec-
tion into the inner magnetosphere. We further study magnetospheres with extreme tilt angles keeping
in perspective the examples of Uranus and Neptune. High dipole obliquities may also manifest due
to polarity excursions during planetary field reversals. We find that global magnetospheric reconnec-
tion sites change for large planetary dipole obliquity and more complex current sheet structures are
generated. We discuss the implications of these findings for injection of interplanetary species and
energetic particles into the inner magnetosphere, auroral activity and magnetospheric radio emission.
This study is relevant for exploring star planet interactions in the solar and extra-solar systems.
Keywords: magnetohydrodynamics (MHD) – magnetic reconnection – stars: winds, outflows
1. INTRODUCTION
The fate of a planetary system rests in the hands of the
harboring star. The principal mode of interaction of a
star with the planets it hosts is via the stellar wind (Matt
et al. 2012; Alvarado-Go´mez et al. 2016). The variabil-
ity of the stellar wind strength, which is related to the
stellar activity and position of the planet with respect
to the star, is an important factor in dictating planetary
effects. Adhering to the planetary classification conven-
tion (close-in or far-out) of Shkolnik (2013) based on dis-
tance of the planet from the star, it has been found that
planets in close-in orbits (> 0.1 AU) with their host star
are subject to electromagnetic as well as gravitational
interactions, i.e. tidal effects (Cuntz et al. 2000) which
can make the planets move either inward or outward
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due to transfer of angular momentum (Strugarek et al.
2014, 2017). Cohen et al. (2009) showed that close-in
star planet interactions (referred to as SPIs henceforth)
prevent the expansion of the stellar coronal magnetic
field and the acceleration of the stellar wind. In or-
der to study SPIs for the case of close-in planets using
numerical simulations, both the planet and its hosting
star are needed to be included in the computational do-
main (Strugarek et al. 2015, 2017; Cohen et al. 2009,
2011; Matsakos et al. 2015) as the magnetic fields of
both the entities get modified as a result of the interac-
tion. The plasmoid loops trapped in between the stellar
and the planetary magnetic fields then tend to modify
the coronal magnetic fields as well (Kashyap et al. 2008;
Lanza 2009; Miller et al. 2012). For the case of fairly
distant planets (? 0.5 AU, e.g. Earth-like and beyond),
the coronal magnetic field of the star is hardly affected
and only the planetary magnetosphere is expected to de-
form. For this scenario, the stellar wind can be approx-
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imated as an independent physical entity which affects
the planetary dynamics (To´th et al. 2004; Dong et al.
2015).
The planetary effects of SPIs are numerous [for a de-
tailed review, see Strugarek (2017)]. The habitability
of a planet depends on whether it is capable of retain-
ing a sustainable atmosphere around itself (Seki et al.
2001; Barabash et al. 2007). The planetary magneto-
sphere serves as an invisible cage protecting the atmo-
sphere. If the stellar wind is strong enough to pene-
trate the magnetosphere via magnetic reconnections, it
might erode away a significant part of the atmosphere
from the planet (Garraffo et al. 2017; Dong et al. 2017;
Nortmann et al. 2019). The dynamic ram pressure of
the wind is crucial in determining the distance from the
planet till which the reconnection events are possible.
A larger ram pressure would permit a smaller magne-
topause. Since the region outside the magnetopause is
not shielded, any atmosphere (which we consider to be
charge neutral) can be ionized and taken away by the
energetic stellar wind. So, as the wind grows stronger,
the ram pressure increases and therefore allows greater
stellar wind penetration, firstly due to compression of
the magnetosphere, and, secondly due to opening up
more closed field lines. Zendejas et al. (2010) presented
an analytical model for interaction between atmospheres
of non-magnetized planets and stellar winds from main
sequence M stars and was able to provide a prediction of
the time-scale for complete atmospheric loss. The mag-
netized SPIs might lead to enhanced radio emissions in
the deformed magnetosphere of the planet (Zarka 2007).
If the interplanetary magnetic field is able to penetrate
the planet as a consequence of the interaction, ohmic
dissipation may also lead to planetary heating (Laine
et al. 2008).
The reason for investigating interactions between Sun-
like stars and Earth-like planets is based on practical
applications. The activity of the Sun affects our planet
and indirectly, our lives as well. The solar activity evo-
lution is of utmost importance as it controls the fea-
tures of the outgoing solar wind. How the Sun changes
over time (O’Fionnaga´in & Vidotto 2018; Pognan et al.
2018) is, therefore, relevant from the planetary perspec-
tive. Observations have shown that very strong modu-
lations in the solar wind occur over a period of roughly
1.3 years (Richardson et al. 1994). In the near vicin-
ity of the planet, variations in the solar wind intensity
also depend on the position of the planet in its own or-
bit (Go´mez et al. 1993) as well as its orientation with re-
spect to the Sun (McComas et al. 2008). Prominent fluc-
tuations in the planetary geomagnetic field orientation
occur within a time range of less than 10 years to periods
of about 106 years (Cox & Doell 1964). Although geo-
magnetic field reversal is a rare event, the time-scale of
the duration of geomagnetic field reversals is only about
1000 to 6000 years (Glatzmaier et al. 1999). The polar-
ity excursions vastly affect the nature of magnetospheric
deformation and magnetic reconnections during the in-
teraction with the solar wind. The consequent effects
are relevant for space weather variations (Schwenn 2006;
Pulkkinen 2007), geomagnetic storms (Dal Lago et al.
2006), aurora formation (Liou et al. 1998), spacecraft
missions (Kumar 2014), etc.
Driven by the above motivations, we study the in-
teractions between the wind from a Sun-like star and
the magnetosphere of an Earth-like planet using three
dimensional (3D) compressible magnetohydrodynamic
(MHD) simulations. As discussed earlier, keeping in
mind the separation distance (≈ 1.0 AU) between the
Sun and the Earth, the system can be considered to
be a “far-out” system. Therefore, it is prudent to keep
the star out of the computational domain and only con-
sider interactions between an incoming stellar wind and
the planetary magnetosphere which is embedded in an
interplanetary medium. The wind is assumed to be a
pure shock and may have its intrinsic magnetic field ori-
ented either northward or southward with respect to the
direction of the planetary dipole axis. We use different
values of the shock speed which replicates the variability
of the solar wind intensity over time. We also consider
different inclinations [including the present Earth-like
obliquity (referred to as “tilt” henceforth)] of the plan-
etary dipole axis with respect to the equatorial plane in
order to mimic planets with highly tilted axes or stages
of polarity excursions during geomagnetic field reversals.
Our main aim here is to provide a parameter space study
and analyze the nature of magnetic reconnections that
take place for different configurations of the star-planet
system.
The structure of the paper is as follows. In Section 2,
we enlist the compressible MHD equations which we
use to simulate the plasma system along with estimates
of the physical quantities that are used. The numer-
ical setup and description of the entire computational
domain are also briefly described in the same section.
In Section 3, we present our results. In Section 4, we
present the conclusions of the study.
2. STAR-PLANET INTERACTION MODEL
The plasma system that we are simulating is governed
by the adiabatic equation of state and the following set
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Table 1. List of physical parameters used in the reference simulation and their notations.
Physical Quantity Notation Value Used
Density in ambient medium ρamb 1.5× 10−23 g cm−3
Pressure in ambient medium pamb 1.35 × 10−3 dyne cm−2
Density in stellar wind ρsw 4ρamb
Stellar wind velocity vsw 11.8× 107 cm s−1
Ambient medium velocity vamb 0.0
Temperature T0 4× 104 K
Adiabatic index γ 5/3
Orbital separation dorb 1.0 AU
Planetary mass Mpl 5.972× 1027 g
Planetary radius rpl 6.371× 108 cm
Planetary dipole moment B0 0.31 G
Magnetospheric tilt angle Θpl 0
◦, 11◦, 45◦, 90◦
Stellar wind magnetic field Bsw 4 × 10−5 G
Magnetic diffusivity η 1013 cm2 s−1
of resistive MHD equations:
∂ρ
∂t
+∇ · (ρv) = 0 (1)
∂v
∂t
+ (v · ∇)v + 1
4piρ
B× (∇×B) + 1
ρ
∇P = g (2)
∂E
∂t
+∇ · [(E + P )v −B(v ·B) + (η · J)×B] = ρv · g
(3)
∂B
∂t
+∇× (B× v) +∇× (η · J) = 0 (4)
The variables ρ, v, B, P , E denote the density, velocity,
magnetic field, pressure and total energy density respec-
tively. The pressure P is the sum total of the thermal
pressure (pt) and the magnetic pressure (pb = B
2/8pi).
E stands for the sum total of the internal energy den-
sity, kinetic energy density and magnetic energy density.
The vector g is the acceleration experienced by the fluid
due to the gravitational field of the planet. J is the cur-
rent density given by ∇ × B, neglecting displacement
current. In our study, for simplicity, we consider a finite
and isotropic magnetic diffusivity η which is constant
in space and time. Table 1 shows typical values of all
the physical quantities used in our reference simulation
and their corresponding notations. As shown in the ta-
ble, we choose a value of magnetic diffusivity which falls
within the range of realistic values as shown in earlier
studies (Lyon et al. 1986; Wiechen et al. 1996; Raeder
1999).
In this study, we simulate the interaction of magne-
tized stellar wind with a planet hosting an intrinsic dipo-
lar magnetic field. We use the 3D compressible MHD
code
Software: PLUTO (Mignone et al. 2007) (ver. 4.3)
to create a star-planet interaction module and solve the
full set of resistive MHD equations [Eqs. (1)-(4)] in a
Cartesian box filled with magnetized ambient medium
including a planet placed at the origin. For the Carte-
sian grid, the following axis convention was used: (a)
x-axis is taken to be aligned with the line connecting
the centres of the star and the planet with the posi-
tive x-direction directed along the line connecting the
star to the planet, (b) z-axis is aligned with the zero-tilt
dipole axis along the N to S magnetic poles and (c) y-
axis is obtained by considering a right-handed Cartesian
system with the information from x- and z-axes orienta-
tion. The origin (0, 0, 0) is chosen to be the centre of the
planet. Figure 1(a) shows a schematic representation of
the computational domain and the coordinate conven-
tion chosen. The dashes at the midpoint of the edges
of the box along the z-axis indicate that the dimensions
are not to scale. The diagram simply serves the pur-
pose of qualitatively representing the axial orientation
for ease of understanding of the various directionalities
that we use in the rest of the paper. We simulate our
system until it reaches a steady state. We have used
HLL Riemann solver with linear interpolation in space,
MINMOD limiter and 2nd order Runge-Kutta for tem-
poral update. We impose the ∇·B = 0 condition by us-
ing the divergence-cleaning method, an approach based
on the generalized Lagrange multiplier (GLM) formu-
lation (Dedner et al. 2002). A constant value of mag-
netic resistivity η is used in our model as the causal
mechanism for non-ideal processes like magnetic recon-
nections that are prevalent in regions of interaction of
winds with the planetary atmosphere. The super-time-
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stepping scheme included in the code is implemented for
this purpose (Vaidya et al. 2017).
(a)
(b)
Figure 1. (a) Schematic diagram of the computational do-
main as used for star planet interaction simulation. The
planet lies within the domain while the stellar wind comes in
through the left boundary (yz-plane) with a velocity perpen-
dicular to the plane of entrance. (b) Grid configuration in
a zoomed-in portion of the computational box is shown (xz
slice at y = 0). Static mesh refinement is implemented in all
three directions near the vicinity of the planet of radius 1.0
RE placed at the origin (0,0,0). The grids marked by white,
pink and green colors are square grids while those marked
by yellow and blue colors are rectangular grids. Maximum
grid resolution is obtained in a cube of dimension 4.0 RE
containing the planet.
2.1. Grid configuration
The computational domain extends from −45RE to
225RE in the x direction, from −25RE to 25RE in the
y direction and from −225RE to 225RE in the z direc-
tion. Static mesh refinement is implemented in all three
directions in the 3D Cartesian grid configuration [please
refer to Fig. 1(b)]. The planet of radius 1 RE has its
centre at the origin (0,0,0). In any direction (x, y or z),
the region [−2RE, 2RE] is resolved by 12 grids, i.e. each
grid resolves 0.33RE. Each of the regions [−5RE,−2RE]
and [2RE, 5RE] are resolved by 6 grids each, i.e. each
grid resolves 0.5RE. In the regions less than −5RE and
greater than 5RE, each grid resolves about 0.73RE. The
static mesh refinement gives rise to non-uniform rectan-
gular grids in some parts of the computational domain
as shown in Fig. 1(b). The grids in the vicinity of the
planet are always square in shape.
2.2. The planet and it’s atmosphere
Within the sphere, defined by the planetary radius rpl,
we keep a steady density profile (ρpl) which is 10
6 times
the density of the ambient medium (ρamb):
ρpl = 10
6ρamb (5)
for r ≤ rpl. Beyond the planetary radius, we set an
atmosphere that extends upto r = 3rpl. Density profile
in the planetary atmosphere is chosen to ensure that a
smooth transition exists between the density values at
the boundaries r = rpl and r = 3rpl.
ρatm(r) = ρpl +
(ρamb − ρpl)
2
[tanh {9(r/rpl − 2)}+ 1]
(6)
for rpl ≤ r ≤ 3rpl, where ρpl and ρamb are the densities
of the planet and the ambient medium respectively. The
above choice of density results in a planetary atmosphere
with a mass equal to 2.8×1010 g. The gravitational field
in the entire computational domain is due to the actual
mass of earth (Mpl = ME) as given in Table 1. The
mass is assumed to be a point mass kept at the centre
of the planet (at r = 0) and accordingly, the gravity is
given by
g(r) = −GMpl
r2
(7)
The pressure distribution in the atmosphere is found out
by numerical integration of the equation
dP
dr
= −ρatm(r)g(r) (8)
The pressure inside the planet is evaluated by extrap-
olating the value of pressure at the planet-atmosphere
boundary as found from the numerical integration. Fig-
ure 2 shows the density and pressure profiles that are fed
as initial conditions. In the density profile in Fig. 2(a),
the function (6) has been plotted in the atmosphere.
The density in the planet (ρpl), however, is not that of
the actual Earth, but is kept continuous with the den-
sity of the atmosphere at the planet-atmosphere bound-
ary so as to avoid any spurious simulation results due
to sharp density jumps. The atmopsheric pressure pro-
file in Fig. 2(b) is a result of numerical integration of
equation 8, while that inside the planet is a simple ex-
trapolation. It is important to note here that the planet
is treated as an internal boundary and therefore, all the
physical quantities inside the planet are essentially held
Stellar Winds shaping Planetary Magnetospheres 5
Figure 2. Density and pressure profiles considered as initial conditions for the simulations are shown in (a) and (b) respectively.
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Figure 3. Attainment of steady state of the simulated star
planet interaction module. The dynamical steady state is
reached in about 30 minutes of interaction as observed from
the temporal evolutions of the global quantities e.g. kinetic,
thermal and magnetic energies.
at constant values as provided by the intial conditions.
The above equations describe a gravitationally strati-
fied atmosphere in hydrostatic balance with the planet
and ambient medium. It is important to note here that
the atmosphere so obtained is completely physical and
represents that of an Earth-like planet.
A dipolar planetary magnetic field aligned along the
z-axis is initialized throughout the domain . For zero-
tilt (Θpl = 0), the magnetic dipole axis is aligned with
the geographical axis that passes through the north and
south pole of the planet. The following equations are
used to initialize the three components of the dipolar
magnetic field on the surface of the planet and outward:
Bx =−B0r3pl
(
3xz
r5
)
cos Θpl −B0r3pl
(
3z2 − r2
r5
)
sin Θpl
(9)
By =−B0r3pl
(
3yz
r5
)
(10)
Bz =−B0r3pl
(
3z2 − r2
r5
)
cos Θpl +B0r
3
pl
(
3xz
r5
)
sin Θpl
(11)
Here, B0 denotes the magnetic dipole moment, Bx, By, Bz
denote the three components of the 3D magnetic field
vector, r is the radial distance from the center of the
planet and rpl is the radius of the earth-like planet
(same size as that of Earth RE = 6.37×108 cm). The
static mesh refinement is shifted by a small offset to
avoid singularities in the magnetic fields at the origin
x = y = z = 0. The unperturbed planetary dipole
magnetic field is applied as background field and ad-
ditionally, the region inside the planet is treated as an
internal boundary where the dynamical equations are
not evolved. For the purpose of this study, we use Θpl =
0◦, 11◦, 45◦, and 90◦. It is to be noted here that for non-
zero dipole tilt, the magnetic dipole axis of the planet
does not pass through its geographic north and south
poles but with an angle Θpl relative to its geographic
axis using left hand direction. Within the planet, the
magnetic field is not allowed to evolve over time. This
allows us to keep a steady planetary dipole throughout
the duration of our simulation as we are not considering
the planetary dynamo action in our simulations.
2.3. Ambient medium
We refer to the region r > 3rpl to be the ambient
medium. For modeling the initial magnetic field in this
region, we use the same expression as the planetary
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dipole [see Eqs. (9) through (11)]. The density is initial-
ized throughout the ambient medium to be ρamb = ρsw
while the pressure is set to the thermal pressure in this
region as given in Table 1 for pamb. We start our simula-
tion with the planet, and its perfectly dipolar magnetic
field in a static interplanetary medium. The evolution of
the plasma properties of the ambient medium and con-
sequent magnetospheric changes are induced due to the
impact of the magnetized stellar wind.
2.4. Stellar wind
The stellar wind is injected from the left boundary
perpendicular to yz-plane (x = −45RE). For all the
other boundary faces of the Cartesian box, we imple-
ment the free flowing boundary conditions. The wind
may have its magnetic field oriented either southwards
(S-IMF) or northwards (N-IMF) with respect to the
planetary geographical axis (along z direction). The
input parameters at the stellar wind injection bound-
ary are obtained by solving the Rankine-Hugoniot jump
conditions for the given shock velocity.
3. RESULTS
3.1. Benchmarking the model: Magnetopause stand-off
distance
As a part of testing the robustness of the model, we
carry out some sanity checks and reproduce certain ex-
pected features. Firstly, we define the steady state at-
tained by the system in a particular simulation. Fig-
ure 3 shows the temporal evolutions of global quantities
such as kinetic, thermal and magnetic energies normal-
ized by their respective equilibrium values at t = 76
minutes. It is observed that all the quantities attain
steady state after about 30 minutes of interaction. The
magnetic energy plotted here is due to the deviation in
magnetic field from the unperturbed planetary dipole
profile. The primary feature of the magnetosphere that
dictates the protective environment around the planet is
the magnetopause. The magnetopause surface is demar-
cated by the zones where the pressure balance condition
is satisfied between the ram pressure of the wind and
the magnetic pressure of the planetary field. According
to the model suggested in Mead (1964), we use the fol-
lowing expression of sub-stellar magnetopause standoff
distance (Pudovkin et al. 1998):
r0 =
(
f2µ2pl
8kpinmpv2
)1/6
(12)
where, r0 is the geocentric distance of the sub-stellar
magnetopause stand-off distance, f is used to account
for the strengthening of planetary dipolar field due to
Figure 4. (a) Variation of magnetopause (MP) stand-off
distance (from the planet) with the velocity of the stellar
wind. The solid line denotes the expected value from the
analytical expression while the red and blue data points are
results obtained from simulations of no-tilt magnetosphere
for S-IMF and N-IMF cases respectively. (b) Variation of
magnetopause shape with velocity of the stellar wind. The
cases A to F are for slowest to quickest winds respectively.
V0 = 350 km/s is the slow wind speed at 1 AU.
the magnetopause currents, k is a correction factor intro-
duced by Spreiter et al. (1968) to account for the nature
of interaction of stellar wind with magnetopause and has
been successively used in other studies (Pudovkin et al.
1998). The value of k as stated in Spreiter et al. (1968) is
0.88. The parameter µpl stands for the planetary dipole
moment, n and v are the number density and uniform
velocity of the stellar wind particles respectively and mp
is the mass of proton.
Figure 4(a) shows a comparison between the expected
values of magnetopause standoff distance obtained from
its analytical expression [Eq. (12)] and the results from
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Figure 5. Temporal evolution of the planetary magnetosphere with 11◦ inclination (Earth-like tilt) on the way to the steady
state as a result of interaction with stellar wind for S-IMF and N-IMF cases. The colormap of the 3D volume rendering depicts
density in units of 1.5 × 10−23 g/cm3.
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our simulations. For this analysis, we have taken a
range of stellar wind velocities obtained by varying shock
speed between Vshock ≈ V0 and Vshock ≈ 8V0. Here,
V0 = 350 km/s is the value of slow solar wind at 1 AU.
The S-IMF and N-IMF cases are plotted for the same
wind speed. The plot shows that the results from both
the N-IMF and S-IMF cases follow the same trend as
shown by the analytical expression [Eq. (12)]. However,
for all the values of wind velocities, the stand-off dis-
tance obtained from simulating the S-IMF case is seen
to be slightly lesser than the expected result. On the
other hand, N-IMF data points are consistently slightly
above the theoretically expected values (Pudovkin et al.
1998). For S-IMF case, this can be attributed to the in-
ward shift of magnetopause layer due to magnetic recon-
nection at the sub-stellar point which allows for greater
penetration on the day-side magnetosphere. Whereas,
for N-IMF, the outward migration is on account of the
clustering of parallel field lines. Nevertheless, both the
points for each wind velocity are very close to the ex-
pected value. The theoretically expected stand-off dis-
tance is approximately equal to the mean of the two
simulated distances (from the N-IMF and S-IMF cases).
The trace of the magnetopause (in xz-plane) for dif-
ferent wind velocities for the S-IMF case is shown in
Fig. 4(b). As expected, we find that the magnetopause
location migrates inwards towards the planet with an
increase in wind velocity, which is also consistent with
the result shown in Fig. 4(a).
3.2. Magnetospheric dynamics for Earth-like tilt
In this subsection, we present results of the effect of
stellar wind on a planetary magnetosphere with Earth-
like tilt for our reference simulation using Vshock = 4.5V0
(corresponding parameters are given in Table 1). Fur-
thermore, we study the possiblity of any plasma injec-
tion from the stellar wind into the planetary atmosphere
which might be important for its evolution. We also in-
vestigate the extent of atmospheric mass loss as a result
of the interaction.
3.2.1. Evolution leading to establishment of steady state
magnetosphere
Here we present the temporal evolution of the inter-
action between the stellar wind and the planetary mag-
netosphere. We start from an unperturbed planetary
dipole in the computational domain (as described in Sec-
tion 2) and impose the stellar wind at t = 0. Figure 5
shows the magnetospheric evolution for S-IMF (left col-
umn) and N-IMF (right column) for the same time in-
stants. The 3D volume rendering depicts the density
while the magnetic field streamlines are plotted in black.
It is to be noted here that while plotting the streamlines,
their sources of origin have been kept on the xz-plane
(please refer to Section 2 for coordinate convention used)
with no constraint on their integration.
Let us discuss the S-IMF case first. At t = 6.1 min-
utes [Fig. 5(a)], the wind has just crossed the planetary
magnetosphere. The opposite orientation of stellar and
planetary field lines facilitates easy reconnections near
the polar region. The night-side lobe in the far end re-
mains unaffected. At t = 30.3 minutes [Fig. 5(b)], the
wind has traversed the entire length of the computa-
tional box. The volume plot shows slow spread in den-
sity due to the interaction. On the night-side just behind
the planet, a small magnetotail is formed due to pinching
of the planetary field lines. This magnetic reconnection
also results in the formation of plasma blobs that are
advected out of the domain by the outgoing wind. The
field lines leaving the upper and lower boundaries of the
box originate from the planet due to reconnections. In
Fig. 5(c) (t = 54.6 minutes), purely stellar field lines
are now found at the right end. The system approaches
steady state configuration in Fig. 5(d) at t = 76 min-
utes. The magnetotail stretches out longer in the night-
side. Steady state 2D profiles of pressure, magnetic field
strength and velocity for the S-IMF case are given in the
left column of Fig. 6.
The N-IMF case is more complicated. At t = 6.1 min-
utes [Fig. 5(e)], the day-side lobe gets compressed by the
incoming wind and no reconnections occur in this region
as the stellar and planetary field lines are oriented in the
same direction. At t = 30.3 minutes [Fig. 5(f)], pinching
of planetary field lines on the night-side gives rise to a
magnetotail and a plasma blob at the far right end of
the domain. The stellar field lines enter from the lower
boundary, curl around the magnetosphere and leave the
upper boundary. The reconnections of these stellar field
lines occur with the upper and lower planetary lobes. At
t = 54.6 minutes [Fig. 5(g)], the magnetosphere reaches
a compact form being surrounded by purely stellar field
lines. At the steady state in Fig. 5(h) (t = 76 minutes),
the configuration remains almost similar to the earlier
state. However, at the night-side near to the planet,
the field lines get strongly twisted before leaving the do-
main. Steady state 2D profiles of pressure, magnetic
field strength and velocity for the N-IMF case are given
in the right column of Fig. 6. For both the S-IMF and
N-IMF cases as presented in Fig. 6, we observe a bow-
shock in front of the day-side magnetospheric lobe of
the planet at about −20RE. The x component of veloc-
ity decreases suddenly just right of the bow-shock and
then increases gradually as we move further away from
the planet in the night-side. The asymmetry about the
equatorial plane in all the profiles is introduced due to
Stellar Winds shaping Planetary Magnetospheres 9
Figure 6. Steady state 2D profiles of pressure (top row, in units of 1.844 × 10−8 dyne/cm2), magnetic field strength (second
row, in units of 4.814 × 10−4 G), and x (third row) & z (fourth row) components of velocity (in units of 3.5 × 107 cm/s) for
S-IMF and N-IMF cases (Earth-like dipole tilt).
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(a) S-IMF (b) N-IMF
x-axis (in units of Re)
y-axis (in units of Re)
z-axis (in units of Re)
x-axis (in units of Re)
y-axis (in units of Re)
z-axis (in units of Re)
Figure 7. Variations of the three components of the magnetic field vector B dev in x, y and z directions are shown for (a)
S-IMF and (b) N-IMF cases respectively. B dev represents the deviation in magnetic field from the unperturbed planetary
dipole profile. The magnetic fields are in units of 4.814× 10−4 G.
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Figure 8. Normalized magnetic energy density as a function
of radial distance from the centre of the planet for S-IMF
case. The normalization is carried out with respect to the
no-wind magnetic energy density.
the dipole tilt. Further illustration regarding the steady
state field dynamics can be found in Section 3.3.
Figure 7 shows the spatial distribution of the three
components of the deviation (B dev) from the unper-
turbed dipolar magnetic field vector (Bdipole) as a result
of the stellar wind interaction. Btotal =Bdipole +B dev.
For the B dev profiles along x-axis, we keep y = z = 0.
Similarly, for plotting along y-axis, x = z = 0 and for
plotting along z-axis, x = y = 0. Therefore, if a satel-
lite carrying a magnetometer moves along the x-axis,
the deviations of the total recorded magnetic field from
the tilted dipole is expected to approximately match the
profiles shown in the topmost plots in Fig. 7(a) and (b).
Similarly, while moving along the y− and z−axes, the
profiles should resemble the middle and bottom plots
respectively in Figs. 7(a) and (b). The profiles along
x−axis show a considerable asymmetry about the ori-
gin (those along y− or z− are either a mirror image
about the plane perpendicular to the respective axis or
a mirror image about the origin). Along the x−axis, the
deviation of the x component of magnetic field Bx dev
is quite large in the night-side as compared to the devi-
ation in the other two components. However, the pro-
file of Bx dev is entirely different for the S-IMF and
N-IMF cases. Starting from x = 0 and moving along
+xˆ, Bx dev remains positive for S-IMF due to the open
field lines at the far end [please see Fig. 5(d)]. On the
other hand for N-IMF, Bx dev flips sign at the position
where planetary field lines wrap around and purely stel-
lar field lines begin at the right end [please see Fig. 5(h)].
The deviations in the other two components of magnetic
field are large near the vicinity of the planet in all three
directions.
We also calculate magnetic energy density Earth−like
for Earth-like case (S-IMF) with respect to an unper-
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Figure 9. Temporal evolution of the planetary atmospheric mass loss as a result of interaction with stellar wind. The quantity
plotted using 3D volume rendering is the density multiplied by the atmospheric passive scalar in units of 1.5 × 10−23 g/cm3.
turbed dipole for no-wind no−wind as a function of radial
distance from the centre of the planet. To facilitate the
understanding of our output, we use a normalized energy
density (norm) = Earth−like/no−wind. For our analysis,
we consider concentric spheres (Si) of incremental ra-
dius r = (3 + i)RE around the Earth-like planet with
i ∈ (0, 19). So the innermost sphere has a radius of 3RE
while the outermost is of radius 22RE. For the analysis
of Fig. 8, let us suppose that φ denotes the azimuthal
angle with φ = 0 being along +xˆ and φ = pi along
−xˆ. Now, we find the space-averaged magnetic energy
density i in each shell formed between two consecutive
spheres (Si and Si+1). We consider three kinds of shells:
(a) Shday: half shell in the day-side (pi < φ < 2pi), (b)
Shnight: half shell in the night-side (0 < φ < pi) and (c)
Shtotal: full shell (0 < φ < 2pi). This allows us to find
the changes in relative contributions in energy density
from the day-side sphere and night-side sphere as a func-
tion of radial distance. For Shday, 
(norm) − 1 decreases
until around 12RE and then becomes almost constant
in the region outside the magnetopause. For Shnight,
magnetic energy density steadily increases and becomes
proportional to radial distance [((norm) − 1) ∼ r] from
about 12RE. Thus, contribution from day-side magnetic
energy is much lower as compared to the night-side. So,
the plot of (norm) − 1 for a full shell, Shtotal, follows
linear dependence on shell radius just as Shnight but is
shifted to lower values due to the subdued contribution
from day-side. Kindly note that for evaluating the con-
tribution for the full shell, the sum of day- and night-side
contributions have been normalized. On the day-side,
the magnetospheric lobe is heavily compressed very near
to the planetary surface due to the impact of the stellar
wind. As a result, if we increase the shell radius, the
magnetic energy density decreases and then eventually
becomes constant outside the magnetopause where only
the stellar wind magnetic field is present. However, on
the night-side, planetary field lines extend long beyond
the magnetotail due to advection by the wind, giving rise
to relatively more complex and dynamic reconnections
at the far right end. Thus, the magnetic energy density
increases with increasing shell radius on the night-side.
3.2.2. Atmospheric mass loss and inner magnetospheric
plasma injection
The effects of SPIs are numerous. Important conse-
quence are planetary atmospheric mass loss (Penz et al.
2008; Nortmann et al. 2019) and injection of stellar wind
particles into the magnetosphere (Li et al. 2003; Atkin-
son 2004; Hietala et al. 2017). In our simulations, we
have explored the possibility of plasma injection by an-
alyzing large scale flows but not particle motion. We
intialize the stellar wind and atmopshere with indepen-
dent passive scalars normalized to unity and then, study
the evolution of the stellar wind as well as the atmo-
12 Das et al.
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Figure 10. Atmospheric mass loss rates in the (a) x, (b) y, and (c) z directions and (d) total loss in all three directions. A
cubic box with length extending from −3.3RE to +3.3RE in all three directions is considered for the mass loss rate calculation.
The box encompasses the planet and its atmosphere.
sphere. The atmosphere shows mass loss due to the
interaction while inflow of wind plasma material is pos-
sible through the magnetotail.
Figure 9 shows different stages in the phenomenon of
atmospheric mass loss due to the impact of the stellar
wind. The quantity plotted using 3D volume render-
ing is the product of density and atmospheric passive
scalar. The frame at t = 0 [Fig. 9(a)] shows the planet
and its unperturbed atmosphere as the initial condition.
As the incoming stellar wind interacts with the plane-
tary magnetosphere, the atmopsheric matter is slowly
dragged off in the night-side as depicted in successive
frames [Fig. 9(b)-(f)] with increasing time. The asym-
metry in the loss locations is introduced due the dipole
tilt angle of 11◦. Figure 10 shows the temporal evolu-
tion of mass loss rates as obstained from the simulation.
A cube of dimension 6.6RE (extending from −3.3RE to
+3.3RE in all three directions) with its centre coincid-
ing with the centre of the planet is considered. The box
encompasses the planet and its atmosphere. Mass loss
rates are calculated at all six faces of the cube as given
in Figs. 10(a), (b) and (c). The total loss is plotted in
Fig. 10(d). It is found that the mass loss rates increase
first, reaches a peak value and then decreases steadily.
The loss on the night-side is found to be greater than at
the day-side as expected [Fig. 10(a)]. Since there is no
aymmetry in the magnetospheric configuration in the
y direction, the loss rates are equal at both the faces
[Fig. 10(b)]. In the z direction, the asymmetry is intro-
duced by the dipole tilt [Fig. 10(c)]. The atmospheric
mass loss rate for hot Jupiter (which has a much larger
radius and therefore, a larger surface area holding the
atmosphere) was found by Penz et al. (2008) to be about
3.5× 1010 g/s. In our case (Earth-like), the peak value
of mass loss rate reaches to about 2.3× 107 g/s.
The intensity of the magnetospheric radio emission
can also be estimated which is proportional to the radio
power given by
Pr = δ
M˙∗v2swR
2
eff
4a2
(13)
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as used by Stevens (2005) and Daley-Yates & Stevens
(2018). Here, δ is the efficiency parameter, M˙∗ is the
stellar mass loss rate, Reff is the effective radius of the
planetary magnetosphere as seen by the stellar wind and
a is the orbital radius. Here δ ∼ 7 × 10−6, M˙∗ for
a Sun-like star is M˙ ≈ 1.268 × 1012 g/s, Reff is the
magnetopause stand-off distance which is roughly 5RE,
a is 1 AU and vsw from Table 1. The calculation gives
a Pr value as given below in a scaled equation form.
Pr = 1.4× 1015 erg s−1
(
δ
7× 10−6
)(
M˙∗
M˙
)
(
vsw
11.8× 107 cm s−1
)2(
Reff
5RE
)2 ( a
1 AU
)−2
(14)
The above estimate for the radio power is for our refer-
ence simulation in which a stellar wind velocity of about
3 times the value of the typical slow solar wind velocity
at 1 AU is chosen. Also, the magnetopause stand-off dis-
tance is half the typical value for our Sun-Earth system.
Therefore, considering that the host star in our reference
simulation has the same mass loss rate as the Sun, the
above radio power estimate will be about 2 times higher
than that expected for the Sun-Earth system at 1 AU.
For the case of a hot Jupiter, Daley-Yates & Stevens
(2018) estimated the radio power to be 1.42×1019 erg/s.
Figure 11(a) shows plot of the stellar wind passive
scalar density in the xz-plane at y = 0 for S-IMF case
after about 76 minutes of interaction. The red contour
lines are used to denote vx = 0. So, the contours encom-
pass the regions of negative velocity in the x-direction,
i.e. inflow towards the planet through the magnetotail.
This basically means that if any non-zero stellar wind
passive scalar density portion lies within the contoured
regions, there is a chance of stellar wind plasma get-
ting injected into the planetary atmosphere as evident
from the figure. This plasma can then be trapped in
the closed field lines of the planet. The plasma parti-
cles can thereafter, exhibit the phenomenon of magnetic
mirroring (Kulsrud 2005) which results in its bouncing
back and forth between the two poles of the planet. This
continues so long as the particle trajectory satisfies an
angle smaller than the pitch angle. In the instance where
the angle between the particle’s trajectory with the lo-
cal magnetic field exceeds the pitch angle, these parti-
cles can escape into the surrounding media (which, near
the poles, is the planetary atmosphere). Thus, particles
reaching into near 10RE or lesser, could potentially get
trapped in the closed field lines, exhibit mirroring and
a certain fraction could be lost to the planetary or ex-
oplanetary atmosphere. It is to be noted here that the
asymmetry induced due to the introduction of the tilt
facilitates greater inflow through the magnetotail and
(a) S-IMF: stelar wind passive scalar
(b) 
Figure 11. (a) Spatial variation of stellar wind passive
scalar in the xz-plane after about 75 minutes of interaction
in the dynamical steady state regime for the S-IMF case.
The red contour lines demarcate the regions of inflow to-
wards the planet, i.e. negative values of the x component of
velocity. The inflow of stellar plasma material into the plan-
etary atmosphere occurs through the magnetotail till about
10 RE. (b) Temporal evolution of plasma mass inflow rate
in the night-side at a distance of 10 RE from the centre of
the planet.
polar regions. The curve in Fig. 11(b) shows the tem-
poral evolution of stellar plasma influx rate through the
magnetotail in units of g/s. For plotting the above, a
square plane of dimension 10RE is placed at a distance of
10RE from the centre of the planet in the night-side and
mass influx rate through that plane towards the planet
due to the stellar wind passive scalar is calculated. It is
found that after initial transients, the mass inflow rate
reaches a steady value of about 12.5 g/s.
3.3. Magnetospheres with extreme tilt angles: Steady
state reconnections
Most planets in our solar system have a moderately
tilted dipolar axis which is comparable to that of the
Earth. Nevertheless, we also find planets where the
dipole axis is extremely tilted, e.g Uranus and Nep-
tune (Russell & Dougherty 2010). Such planets host-
ing an intrinsic dipolar magnetosphere have a convective
14 Das et al.
Figure 12. 3D steady state magnetospheric configurations with no tilt and extreme tilt angles for both S-IMF and N-IMF
cases. The N-IMF case for 90◦ is not shown as it is just a flip about the horizontal of the configuration in S-IMF case. The
background colormap shows the magnitude of the total current density (j).
core (Glatzmaier et al. 1999) and the resulting geody-
namo causes periodic reversals in the polarity of this
dipole over geological timescales. The signatures of
these polarity reversals are captured, for example, in
magnetized rocks on the sea-floor. However, such rever-
sal incidents have not been directly observed. In this
subsection, we present the steady state configurations
of the interactions between stellar wind and magneto-
spheres with no tilt and with extreme tilt angles (45◦
and 90◦) and explain the reconnection schemes for both
S-IMF and N-IMF cases. Thus, our simulations encom-
pass the scenarios of: (a) planets with a highly tilted
intrinsic magnetosphere, and (b) phases during field re-
versals modeled by a simple dipole whose inclination
increases with time. We expore the tilt angles uptil 90◦.
This is because the relative orientation between stellar
field and the dipolar axis, for inclinations ranging from
90◦ − 180◦, are same as the orientations 0◦ − 90◦ with
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the opposite Bz in the IMF. Thus, we effectively cap-
ture a full reversal of the planetary dipole under the
assumption that it remains dipolar during the reversal.
For each tilted dipolar magnetosphere, we incident
the stellar wind and allow the simulations to reach a
steady state. By steady state, we mean here the dynam-
ical equilibrium configuration of the system at which
the magnetic energy, kinetic energy and thermal energy
become nearly invariant with time. Figure 12 shows
the steady state magnetospheric configurations for the
above mentioned cases. The colormaps are identified by
the magnitude of the y-component of current density,
i.e. the component perpendicular to the slices shown.
The reconnection regions show higher current density.
The magnetic field streamlines are plotted in 3D. If the
streamlines are plotted on a 2D slice, we are actually re-
stricting the streamline integration to occur only within
the slice of an actually 3D data (magnetic field) which
may give rise to unwanted artefacts.
Figure 12(a) shows the steady state magnetosphere
for no tilt and S-IMF case as a standard for comparison.
The day-side dipolar lobe is heavily compressed with a
reconnection zone at the substellar point due to which
we observe high current density in this region. A mild
intensity in current density, with respect to the back-
ground current, outlines the magnetospheric envelope
due to the curvature of magnetic field in these regions.
At the night-side, the pinching of planetary field lines
leads to the formation of a magnetotail and purely stel-
lar field lines at the right end of the box. The pinched re-
gion where reconnection occurs again shows higher cur-
rent density. Thus, from our plots, we can associate the
regions with high current density either with magnetic
reconnection events or regions with highly curved mag-
netic field lines. In Fig. 12(b), the N-IMF case for no tilt
magnetosphere is shown. This depicts a magnetosphere
which is more complicated relative to the case of S-IMF.
The highly compressed day-side lobe is indicated by the
high current density. The reconnection zones, unlike
the S-IMF case, is located on the northern and southern
lobes on the night side magnetosphere. Mixed field lines
either originate from the upper pole of the planet and
leave through the lower boundary or they originate from
the lower pole and leave through the upper boundary of
the box. Purely stellar field lines enter through the lower
boundary, curl around the extended magnetosphere and
leave through the upper boundary.
In Fig. 12(c), a tilt of 45◦ is introduced for the S-
IMF case. As compared to the no tilt cases, this case
shows a highly convoluted structure based on the tra-
jectory of the magnetic field streamlines. The asymme-
try in the day-side current density map is clearly visible
in the form of a dark blue region bordering the tilted
dipolar lobe. The sub-stellar reconnection zone is also
shifted below the equatorial plane. The magnetotail is
shifted above the equatorial plane along with the night-
side reconnection zone. Purely stellar field lines form as
a result of pinching of the planetary field lines and are
found at the right end of the box (night-side). In the
45◦ N-IMF case [Fig. 12(d)], very high current density
is found in the north polar region. The magnetotail be-
comes very constricted due to the tilt. The reconnected
field lines in this highly inclined dipole causes the open
field lines to reach into the lower latitudes. This causes
the reconnection events to induce plasma flow into lower
latitudes.
In Fig. 12(e), the magnetic north pole faces an incom-
ing S-IMF wind. The reconnections occur on the upper
lobe leading to the formation of mixed field lines that
leave the lower boundary on the day-side. Mixed lines
originating from the magnetic south pole on the night-
side leave through the right end of the box. A high
current sheet region is found just below the equatorial
plane where the pinching of planetary field lines takes
place to give rise to purely stellar lines. The effect of an
N-IMF wind on the 90◦ magnetopshere would just be to
flip the whole configuration about the horizontal.
4. CONCLUSIONS
In this paper, we have created a star-planet interaction
module using the 3D compressible MHD code PLUTO
and studied the effects of the impact of stellar wind on
a planetary magnetosphere for a “far-out” star-planet
system. The stellar wind is assumed to be a magnetized
shock. We have considered the wind magnetic field to
be either parallel (N-IMF) or anti-parallel (S-IMF) to
the planetary dipolar axis. The magnetopause stand-off
distance is matched with the expected value for vari-
ous stellar wind velocities which serves the purpose of
benchmarking our code.
A planetary magnetosphere with an Earth-like tilt is
first considered to provide a point of comparison for in-
creasingly complex configurations. The temporal evolu-
tion of the interaction reveals numerous features about
the magnetic reconnections that take place on the route
to a dynamical equilibrium. For S-IMF, the steady state
magnetospheric configuration is not so complex. Recon-
nections occur at the day-side while a magnetotail is
formed at the night-side due to pinching of planetary
field lines and plasma blobs are sequentially ejected. On
the other hand, for N-IMF, reconnections are mostly
found at the polar regions and highly twisted field lines
form at the night-side. Deviations from the original
dipolar profile are found primarily at the night-side due
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to a large number of reconnection events in this region.
The magnetic energy density with respect to that of the
isolated dipolar magnetic field is found to be higher at
the night-side due to clustering of field lines. The in-
teresting features of the magnetotail dynamics demands
a greater emphasis of spacecraft observations in this re-
gion to help us better understand the night-side inter-
action.
Injection of stellar and interplanetary plasma material
into the planetary atmosphere may lead to the evolution
of the planetary atmosphere with consequences for the
habitability of the planet. We find the possibility of such
inflow from the night-side magnetosphere. Our simula-
tions show that inflow of stellar plasma into the inner
magnetosphere is possible to within x ≈ 10RE through
the magnetotail at the night-side. This plasma can then
be trapped in the closed field lines of the planet and get
sucked into the atmosphere as a consequence of the phe-
nomenon of magnetic mirroring (Kulsrud 2005). It is to
be noted here that in order to study magnetospheric in-
jection, we have only considered large scale plasma flows
and not particle dynamics (i.e., at the kinetic level).
Such injection is known to lead to phenomenon such as
auroras and radio emission – which may be used to de-
tect and characterize planetary or exoplanetary magne-
tospheres. We have also investigated atmospheric mass
loss that occurs as a result of the interaction and have
provided a quantitative estimate of mass loss rates in
different directions. It is found that the loss is much
higher in the night-side than the day-side as expected.
We have also considered magnetospheres with extreme
tilt angles which is relevant for planets such as Neptune
and Uranus in our solar system. This configuration can
also mimic stages in planetary field reversals assuming
that the profile remains dipolar during such polarity ex-
cursions. The interactions show that the magnetic re-
connection regions are usually associated with large cur-
rent density although high currents may also be found
in regions of highly curved magnetic fields or clustered
field lines due to wind impact. Global asymmetry in
the magnetospheric structure is induced for such high
tilts. The nature of reconnections are quite different
for the S-IMF and N-IMF cases. The implications are
low-latitude auroral formation and cosmic ray influx.
Reconnection-powered radiation (Uzdensky 2016) serves
as an important tool for identifying or detecting mag-
netospheric configurations in exoplanets. As deduced
from our results, such radiation zones are expected to
be found at higher or lower latitudes depending on the
magnetospheric tilt. Therefore, confronting such simu-
lations with observations – whenever they become pos-
sible, would allow us to constrain the nature of exoplan-
etary magnetic dynamos and magnetospheres.
The results of our numerical simulations pave the way
for understanding how stellar winds shape planetary
magnetospheres for different structural configurations
and the role that magnetic reconnection plays in this
process. We surmise that magnetohydrodynamic flow
and magnetic reconnection mediated exchange of inter-
planetary plasma with that of planetary atmospheres
would have implications for the evolution and habitabil-
ity of planetary and exoplanetary systems.
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